Adipokines, which are expressed and secreted from white adipose tissue (WAT), are potential factors that could contribute to the changes in energy homeostasis that occurs in pregnancy and lactation to meet the nutrient demands of fetal growth and milk production. The aim was to identify adipokines that could be involved by measuring the pattern of their mRNA expression in adipose tissue. Adipokine mRNAs were measured by quantitative RT-PCR in RNA isolated from white and brown adipose tissue (BAT) of rats at days 7, 14 and 21 of pregnancy, day 7 of lactation and virgin at dioestrus phase. The results for leptin, adiponectin and resistin expression in WATessentially confirmed previous studies and it is unlikely that they are directly involved in the metabolic adaptations. The relative amounts of the mRNAs of the adipokines in BAT were comparable with those in WAT, but the patterns of expression did not follow those in WAT, except for apelin. Visfatin mRNA in WAT was elevated 2 . 5-fold only at day 21 of pregnancy. Apelin mRNA in WAT was increased 2 . 2-fold at day 7 of pregnancy. Retinol-binding protein 4 mRNA in WAT decreased to 46% of control at day 14 of pregnancy. Fasting-induced adipose factor (FIAF) mRNA in WAT was 2 . 2-to 2 . 5-fold higher throughout pregnancy and lactation. The marked induction of FIAF identifies this adipokine as a potential regulator of the metabolic adaptations that occur during pregnancy and lactation.
Introduction
Pregnancy and lactation are physiological situations where major changes in energy homeostasis occur to meet the nutrient demands of fetal growth and milk production. The energy needs are met by increased food intake and/or mobilisation of stored fuels. Maternal metabolism is directed towards supplying adequate nutrients for the fetus. Pregnancy is characterised by a series of metabolic changes that promote increased adipose tissue mass in early pregnancy, with marked increases in food intake and a decreased sensitivity of maternal tissues to insulin. This change in insulin sensitivity allows for decreased glucose utilisation and a shift to fat metabolism by maternal peripheral tissues and increased availability to the feto-placental unit. There is also an increase in plasma of both triglycerides and free fatty acids. During lactation metabolic changes take place to direct substrates away from storage to the mammary gland for milk production and fat mobilisation from adipose tissue occurs despite increased food intake (Williamson & Lund 1994 , Herrera 2000 , Di Cianni et al. 2003 . The pregnant state parallels the insulin-resistant states of obesity and type 2 diabetes, which are also characterised by insulin resistance, and can become manifested as gestational diabetes in humans (Di Cianni et al. 2003) .
The molecular mechanisms governing these integrated alterations in metabolism are still far from known. Initial data pointed to alterations in pregnancy-related hormones, such as oestrogen, progesterone and prolactin, as potential mediators of insulin resistance in pregnancy. However, the effects of these hormones do not fully account for the metabolic adaptations that occur. More recently, adipokines have emerged as potential factors that could contribute to energy homeostasis in pregnancy and lactation.
White adipose tissue (WAT) is now strongly established as an endocrine tissue that produces a number of adipokines that serve as feedback signals to regulate WAT metabolism as well as having effects on food intake, energy expenditure, and carbohydrate and lipid metabolism (Trayhurn 2005 , Ronti et al. 2006 . These adipokines include leptin, adiponectin and resistin: leptin inhibits food intake and stimulates energy expenditure; adiponectin increases insulin sensitivity and stimulates fatty acid oxidation, whereas resistin may contribute to insulin resistance. In the light of this, considerable effort is being put into determining whether these adipokines have a role in the regulation of homeostasis during pregnancy and lactation (Henson & Castracane 2000 , Reitman et al. 2001 , Catalano et al. 2006 . Hyperleptinaemia occurs from mid to late pregnancy in rodents (Chein et al. 1997 , Kawai et al. 1997 , Tomimatsu et al. 1997 , Amico et al. 1998 , López-Soriano et al. 1998 , García et al. 2000 , Mistry & Romsos 2002 , Seeber et al. 2002 , Ramos et al. 2003 , Ladyman & Grattan 2004 and humans (Butte et al. 1997 , Mukherjea et al. 1999 . However, it is debatable whether the hyperleptinaemia contributes to the metabolic adaptations; it is more likely that it is caused, at least in part, by the increase in total WAT mass rather than being an adaptive response to pregnancy. In fact a state of pregnancy-induced central leptin resistance appears to occur to allow the increased food intake despite the elevated leptin (Ladyman & Grattan 2004) . Plasma levels of adiponectin have been reported to decline in late pregnancy in mice (Combs et al. 2003) and humans (Catalano et al. 2006) , which is consistent with the decreased insulin sensitivity of the pregnant state. There is some evidence that dysregulation of leptin and adiponectin correlate with changes in pathologies of pregnancy, such as gestational diabetes. Women with gestational diabetes have elevated leptin levels (KautzkyWiller et al. 2001) , whereas adiponectin levels are decreased when compared with normal pregnancies (Worda et al. 2004 , Thyfault et al. 2005 ; this is similar to other insulin-resistant states, although the physiological significance of these changes is still debated.
Many other adipokines that have recently been identified in WAT have not been studied in relation to pregnancy and lactation. These other adipokines, which include fastinginduced adipose factor (FIAF), visfatin, apelin and retinolbinding protein 4 (RBP4), are also expressed in a nutritionally dependent manner or have been implicated in some way with the state of insulin resistance. FIAF, also known as angiopoietin-like protein 4, was initially discovered as a novel target for peroxisome proliferator-activated receptor (Kersten et al. 2000 , Yoon et al. 2000 and as hepatic fibrinogen/angiopoietin-related protein (Kim et al. 2000) . FIAF is expressed in WAT and its expression is highly up-regulated by fasting and elevated in monogenetic rodent models of obesity (Yoon et al. 2000) . Serum levels of FIAF in human subjects are inversely correlated with insulin resistance in type 2 diabetes (Xu et al. 2005) . Apelin is a recently identified adipokine that is expressed and secreted from WAT and a number of other tissues including heart and kidney. Apelin expression in WAT is reduced by fasting and restored by refeeding and plasma levels of apelin are increased in obesity associated with hyperinsulinaemia (Boucher et al. 2005) . Visfatin was identified as a transcript preferentially expressed in visceral WAT although not exclusively (Fukuhara et al. 2005) . Visfatin expression increases during the development of obesity and is up-regulated in rodent models of obesity and human insulin-resistant states such as type 2 diabetes . Interestingly, visfatin has insulinomimetic effects via binding to the insulin receptor at sites distinct from insulin (Fukuhara et al. 2005) . RBP4 has joined the growing list of WAT-derived factors that can modulate energy homeostasis (Yang et al. 2005) . RBP4 expression is elevated in several rodent models of obesity and insulin resistance and plasma levels correlate with the magnitude of insulin resistance in humans with obesity and type 2 diabetes (Cho et al. 2006 , Graham et al. 2006 . Despite the strong connection of all these newly identified adipokines with the regulation of energy homeostasis they have not been studied in normal pregnancy and lactation, a physiological situation where marked changes in metabolism occur to maintain energy homeostasis. It might be expected that adipokines that respond to fasting and feeding may be regulated coordinately during pregnancy and lactation, two physiological states that mirror aspects of the fed and the fasted states.
This study aimed to quantitatively measure the relative amounts of mRNA in WAT of four of the newly identified adipokines, FIAF, visfatin, apelin and RBP4, in order to determine whether any of them may have a role in pregnancy and lactation. The patterns of expression in WAT during pregnancy and lactation in the rat were compared with those of the well-established adipokines, leptin, adiponectin and resistin. In addition, a number of these adipokines have already been shown to be expressed in brown adipose tissue (BAT): leptin (Zhang et al. 2002) , adiponectin (Zhang et al. 2002 , Combs et al. 2003 , resistin (Kim et al. 2001) , FIAF (Kersten et al. 2000 , Yoon et al. 2000 and apelin (Boucher et al. 2005) , but the significance of this is not known. This study also aimed to quantitate the expression of the adipokines in BAT and determine whether their patterns of expression follow those in WAT.
Materials and Methods

Animals and tissue samples
Animals were obtained from the colony at the University of Otago. Thirty female Sprague-Dawley rats were obtained at 9-10 weeks of age and housed under a 14 h darkness cycle. Temperature was maintained at 22G1 8C, and all rats had ad libitum access to food and water. Rats were weight matched and weighed between 250 and 300 g. Cervical smearing of rats was used to determine their cycling. Rats that were deemed to be in pro-oestrus were housed overnight with a male rat and smeared the following day to detect sperm. The presence of sperm was taken as day 0 of pregnancy and the day of delivery was taken as day 1 of lactation. The rats in the lactation group had their litter number normalised to ten on day 2 of lactation. There were six animals in each experimental group and a control group of non-pregnant rats at dioestrus. At relevant time points in pregnancy (days 7, 14 and 21) or lactation (day 7) the rats were killed by decapitation and parametrial WAT and interscapular BAT samples were rapidly removed and frozen in liquid nitrogen and stored at K80 8C until used. All animal experimental protocols were approved by the University of Otago committee on ethics in the care and use of laboratory animals.
RNA isolation
Total RNA was isolated from WAT tissues using TRIZOL reagent (Invitrogen) and following the manufacturer's instructions, with an additional precipitation step included where the final pellet was redissolved in 4 M guanidine thiocyanate and reprecipitated in 1 ml isopropanol overnight at K20 8C. RNA was isolated from BAT following the manufacturer's instructions. Upon isolation, RNA was stored at K80 8C. The yield and quality of the RNA were assessed by the 260/280 nm optical density ratio.
cDNA synthesis
Total RNA was treated with RNase-free DNase I (Invitrogen) for 10 min at 37 8C and a further 10 min at 75 8C to remove any genomic contamination. cDNA was synthesised from 1 mg DNase-treated RNA using random primers (5 ng/ml) and Moloney murine leukaemia virus reverse transcriptase (MMLV-RT; Invitrogen) in a final volume of 20 ml. Negative control samples were prepared by performing reverse transcription reactions in the absence of MMLV-RT. WAT and BAT cDNA samples were kept at K20 8C until analysis by quantitative real-time PCR.
Quantitative RT-PCR analysis
Quantitative RT-PCR analyses were performed in a Lightcycler (Roche) according to the manufacturer's instructions. Total cDNA was diluted in the ratio of 1:10 for WAT samples and in the ratio of 1:5 for BAT samples for all the analyses, except 18S rRNA when WAT and BAT samples were diluted in the ratio of 1:100. The 20 ml amplification mixture contained 3 ml diluted RT reaction (cDNA) plus 0 . 5 mmol/l each primer (Table 1 ) and 1! LightCycler FastStart DNA Master Plus SYBR Green I mix (Roche). The PCR cycling conditions included an initial denaturation at 95 8C for 10 min followed by 40 cycles at 95 8C for 10 s, 5 s at 55 8C and 10 s at 72 8C. The specificity of the amplifications was confirmed by melt analysis. Standard curves were prepared from a series of tenfold dilutions of pooled WAT cDNA. The errors of the standard curves were 0 . 013 for leptin, adiponectin, resistin, FIAF, apelin, RBP4 and visfatin respectively. Relative amounts of mRNA were calculated using Lightcycler Software version 4.0 (Roche). The values obtained from the standard curves were normalised on the basis of the corresponding 18S rRNA quantification and then calculated relative to the control samples from non-pregnant rats in dioestrus set at 1 . 0.
Samples were analysed in duplicate. For all samples no amplification occurred in reverse-transcription negative controls and single amplicons of the correct size were obtained. Amplicons were sequenced to verify authenticity.
Statistical analysis
Instat (GraphPad Inc., San Diego, CA, USA) was used to compare pregnant and lactating adipokine mRNA expression with non-pregnant adipokine mRNA expression. All data are expressed as the meanGS.E.M., and six animals were used in each experimental group. Differences between groups were evaluated using one-way ANOVA, using a Student-Newman-Keuls test for post hoc comparisons. The level of significance for all tests was set at P!0 . 05.
Results
mRNA expression of adipokines in WAT and BAT
The relative amounts of mRNA of a repertoire of adipokines were measured in the same WAT and BAT samples from rats at different stages of pregnancy and lactation and compared with control levels measured in samples from virgin rats at dioestrus phase. Leptin, adiponectin and resistin were measured to confirm previous published data and to provide patterns of expression to which other adipokines could be compared.
The relative amounts of mRNA of the adipokines, leptin, adiponectin and resistin are given in Fig. 1 . Leptin mRNA in WAT increased by mid pregnancy and significantly increased by 1 . 8-fold at day 21 of pregnancy and decreased to control levels by day 7 of lactation. The changes in leptin mRNA in BAT did not reach statistical significance (Fig. 1A) . The expression of adiponectin mRNA in WAT did not change significantly over the course of pregnancy and lactation, although in BAT adiponectin mRNA tended to be higher during pregnancy than in controls (Fig. 1B) . Resistin mRNA in WAT decreased to 40% of control levels at day 14 of pregnancy and to only 16% of control levels at day 21 of pregnancy and were still at 44% of control levels at day 7 of lactation. In contrast, the expression of resistin mRNA in BAT exhibited a pattern opposite to that seen in WAT. The relative amount of resistin mRNA in BAT increased 2 . 5-fold at day 14 of pregnancy and tended to be elevated at day 21 of pregnancy, whereas in WAT it was lower than normal (Fig. 1C) .
The relative amounts of mRNA for the newly identified adipokines are given in Fig. 2 . FIAF mRNA in WAT were increased throughout pregnancy and lactation, with a 2 . 5-fold increase at day 7, a 2 . 3-fold increase at day 14 and a 3 . 1-fold increase at day 21 of pregnancy. There was a 2 . 2-fold increase in FIAF mRNA in WAT at day 7 of lactation. These were the most marked changes for all the adipokine mRNAs that were measured. In BAT an increased relative amounts of FIAF mRNA was seen only at day 14 of pregnancy ( Fig. 2A) .
The relative amounts of visfatin mRNA in WAT were increased 2 . 4-fold only at day 21 of pregnancy and then returned to control levels at day 7 of lactation. This pattern was similar to that seen for leptin. In BAT, instead of an increase, the relative amounts of visfatin mRNA at day 21 of pregnancy and also at day 7 of lactation were lower than those during early and mid pregnancy (Fig. 2B) .
The relative amounts of apelin mRNA in WAT increased 2 . 2-fold at day 7 of pregnancy and returned to control levels at day 14 and were at control levels for the remainder of pregnancy. At day 21 of pregnancy and day 7 of lactation apelin mRNA tended to be lower than controls but this did not reach statistical significance. In BAT, the pattern of expression of apelin mRNA throughout pregnancy and lactation was similar to that seen in WAT (Fig. 2C) . In contrast to the other adipokines, the relative amounts of RBP4 mRNA in WAT decreased to 46% of control levels at day 14 of pregnancy and returned to near control levels at day 21 of pregnancy. The relative amounts of RBP4 mRNA in BAT also decreased to 29% of control levels but not until day 21 of pregnancy and then returned to control levels at day 7 of lactation ( Fig. 2D) .
Expression of adipokines in BAT when compared with WAT
In this study it has been possible to accurately compare the relative amounts of mRNA expression of each adipokine in BAT with that in WAT as the quantitation was performed using a standard curve prepared from cDNA generated from WAT RNA. WAT and BAT showed similar relative amounts of mRNA for FIAF, apelin and RBP4 (1 . 4, 1 . 5 and 1 . 0 respectively). There was 25% less resistin mRNA expression in BAT relative to WAT. The expression of adiponectin and leptin mRNAs was higher in BAT when compared with WAT (2 . 8-and 2 . 5-fold respectively). There was 4 . 7-fold more visfatin mRNA in BAT when compared with WAT. This is the first report of RBP4 and visfatin expression in BAT. Overall, the patterns of expression throughout pregnancy and lactation in BAT did not follow those seen in WAT, except for apelin (Figs 1 and 2 ). For resistin and RBP4, instead of a decreased expression of mRNA in late pregnancy as seen in WAT, there was an increase in expression in BAT. The elevation of visfatin and leptin in WAT at day 21 of pregnancy was not seen in BAT.
Discussion
This study quantitatively measured the relative amounts of mRNA expression of a selected repertoire of adipokines in the same WAT and BAT samples from rats at different stages of pregnancy and lactation. The results for the expression in WAT of leptin, adiponectin and resistin essentially confirm previous studies. The present study showed significantly elevated leptin mRNA in WAT in late pregnancy. This finding is very similar to those reported for rats (Kawai et al. 1997 , García et al. 2000 and for mice (Tomimatsu et al. 1997) . In studies where the plasma leptin concentration was also measured, for rats the magnitude of increase in plasma reflected that seen for the mRNA (Kawai et al. 1997 , García et al. 2000 , but for mice the plasma leptin increased more markedly than the mRNA (Tomimatsu et al. 1997) . Adiponectin mRNA in WAT was unchanged, which is in agreement with a report by Caja et al. (2005b) which found adiponectin mRNA and plasma concentration remained unchanged during pregnancy. However, for mice, Combs et al. (2003) has reported a progressive decrease in plasma adiponectin concentration towards the end of pregnancy and during lactation in mice, with Kondo et al. (2004) reporting a decrease in adiponectin mRNA levels in WAT of pregnant T JOSEPHS and others . Adipokine expression mice. These observations suggest that there are species differences in the response of adiponectin to pregnancy. There have been two papers, in addition to the present study, reporting resistin mRNA expression in WAT during pregnancy (Nogueiras et al. 2003 , Caja et al. 2005a . They reported elevated resistin mRNA in WAT in early pregnancy and a decrease in late pregnancy. In the present study, the early elevation in resistin mRNA was not observed but a marked decrease by day 21 confirms the published data that resistin mRNA expression declines as pregnancy progresses. At mid Figure 1 Expression of leptin, adiponectin and resistin in white adipose tissue (white bars) and brown adipose tissue (grey bars) from rats in pregnancy and lactation. Samples were from day 7 (P7), 14 (P14) and 21 (P21) of pregnancy and day 7 (L7) of lactation. Controls (DC) were obtained from non-pregnant rats in dioestrus phase. Samples were removed, RNA was extracted and cDNA was generated from 1 mg RNA and used to determine the relative amounts of mRNA by quantitative PCR. Values were normalised to lactation resistin expression was still low, although in lactating mice Bing et al. (2002) reported that resistin mRNA in WAT was unchanged when compared with non-pregnant mice. Taken together, it appears that leptin, adiponectin and resistin are not playing obvious roles in the metabolic adaptations that occur in normal pregnancy and lactation. The development of insulin resistance in late pregnancy (Ramos et al. 2003) does not appear to be accompanied by the expected decrease in adiponectin expression and increase in resistin expression as occurs in other insulin-resistant states (Steppan et al. 2001 , Weyer et al. 2001 . However, major changes in their expression may signal pathological states such as gestational diabetes (Kautzky-Willer et al. 2001 , Worda et al. 2004 , Thyfault et al. 2005 . To date, other adipokines have essentially been overlooked with respect to a possible role in pregnancy and lactation. This is the first report of changes in the mRNA expression of the newly identified adipokines, FIAF, visfatin, apelin and RBP4, in WAT and BAT during pregnancy and lactation. It is likely that changes in mRNA are reflected by corresponding changes in plasma protein concentrations, although confirmation of this awaits further investigations. Nevertheless, changes in the relative amounts of mRNA do indicate that regulation is occurring at the level of gene transcription or mRNA turnover and therefore may be of physiological significance. The changes may be a consequence of pregnancy or lactation and/or involved in the metabolic adaptations themselves. It was expected that adipokines that are up-regulated in obesity and insulin-resistant states would also be up-regulated during the pregnant state, which is also characterised by increased WAT mass and insulin resistance. Surprisingly, no clear-cut patterns directly related to the state of insulin resistance emerged.
The relative amount of apelin mRNA only increased in early pregnancy so it appears that apelin expression is not associated with the hyperinsulinaemia of pregnancy, although it has been reported to be associated with the hyperinsulinaemia of obesity (Boucher et al. 2005) . The reason for the increase in early pregnancy is not known, but may be associated with fat accumulation.
The relative amount of visfatin mRNA increased in late pregnancy and this pattern was similar to that seen for leptin mRNA. There is evidence to suggest that both these adipokines can counteract insulin resistance (Buettner et al. 2000 , Fukuhara et al. 2005 so it is possible that the increase in late pregnancy is an attempt to counteract insulin resistance as the rat enters lactation.
Contrary to expectations, RBP4 expression did not increase at a stage in pregnancy when insulin resistance is manifest, rather the relative amount of RBP4 mRNA was lowest at mid pregnancy. Another adipokine, resistin, which is also attributed with contributing to insulin resistance (Steppan et al. 2001) , was also expressed at a lower level in late pregnancy. Perhaps, rather than contributing to insulin resistance their down-regulation may actually limit the degree of the insulin resistance, which occurs as a necessary adaptive response to pregnancy.
The most striking change in expression was seen for FIAF; the relative amounts of FIAF mRNA were two-to threefold higher in WAT throughout pregnancy and lactation compared with control. What makes FIAF of particular interest here is that it is acutely and markedly induced by fasting and down-regulated by feeding (Kersten et al. 2000 , Yoon et al. 2000 , and hence it is surprising that FIAF expression is up-regulated in pregnancy and lactation, which are characterised by hyperphagia. However, the demand for fuels is greater in these states and FIAF expression may be responsive to signals of energy demand. There are compelling data to link FIAF with the regulation of lipid and glucose metabolism. Overexpression of FIAF and injection of recombinant FIAF in mice brings about an increase in plasma of both triglycerides and free fatty acids (Yoshida et al. 2002 , Xu et al. 2005 , Mandard et al. 2006 , due to both decreased clearance of lipoproteins and stimulated lipolysis (Mandard et al. 2006) . The combination of elevated triglycerides as well as free fatty acids also marks the pregnant state, but this does not reflect a pathological condition, rather a necessary adaptation to meet the energy demands of the fetus and to prepare for lactation. WAT mass increases during pregnancy but there is an enhanced maternal lipolytic activity during late pregnancy to provide free fatty acids for maternal tissues (Ramos et al. 2003) . The finding that FIAF mRNA expression is greatly up-regulated during pregnancy and lactation is novel and suggests a possible mechanism to promote the use of fatty acids as a fuel by maternal tissues and spare glucose for the fetus. It is possible to speculate that FIAF may be an important factor produced to help alleviate the excesses of hyperglycaemia and hyperinsulinaemia as would occur in gestational diabetes, and at the same time help to switch maternal metabolism towards lipids and to prepare for lactation. These possibilities remain to be tested. Interestingly, adenovirus-mediated expression of FIAF alleviated glucose intolerance and hyperinsulinaemia in wild-type and db/db diabetic mice (Xu et al. 2005) , although this effect was not seen in mice transgenic for FIAF (Mandard et al. 2006) .
The expression of the adipokines in BAT was comparable to that in WAT, which was surprising considering the different physiological roles for which the two tissues are adapted. Even though all the adipokines studied are expressed in BAT, this tissue is not likely to be a major contributor to the total circulating pool of the adipokines.
Lactation is probably the best characterised physiological situation associated with an adaptive decrease in BAT thermogenesis (Trayhurn et al. 1982 ), yet there was no change in adipokine expression at lactation when compared with virgin control rats, suggesting that adipokine expression is not related to BAT adaptations. During pregnancy, some changes in adipokine expression were observed in BAT. The change seen in leptin mRNA was not as great as that reported by Frontera et al. (2005) and there is no other published information on adipokine expression in BAT during pregnancy. In the present study the different patterns of expression of the adipokines, except for apelin, between BAT and WAT suggest that their expression is regulated differentially in these tissues. At this stage, the significance of adipokine expression in BAT is not known.
It remains to be determined what mechanisms are responsible for the marked up-regulation of FIAF mRNA expression and the patterns of change in apelin, visfatin and RBP4 mRNA expression. The main candidates are pregnancy hormones, oestrogen, progesterone, placental lactogens and prolactin. Studies will need to be done to determine whether the changes are due directly to pregnancy hormones or as a secondary consequence. Further investigations are needed to determine whether FIAF is a major factor contributing to the adaptations of normal pregnancy, and in particular to confirm that the increase in FIAF mRNA is accompanied by a corresponding increase in plasma concentrations of FIAF. Additional studies will need to be done to determine whether any of these adipokines are involved in pathologies of pregnancy such as gestational diabetes. To date there is no information about this for FIAF, apelin and RBP4 and the limited information for visfatin has been contradictory (Chan et al. 2006 , Krzyzanowska et al. 2006 . Understanding what brings about the changes in insulin sensitivity and metabolism that occur in pregnancy and lactation may also help provide insights into the underlying pathologies of obesity and its associated disorders such as type 2 diabetes.
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